Mechanical Changes During Ischemia
The effects of ischemia on pressure development by the heart are now well recognized. 68 -9 When a beating heart is subjected to global ischemia the developed pressure declines rapidly over several minutes (acute ischemic failure). After 10-20 minutes developed pressure is small or absent and a gradual rise in diastolic pressure occurs (ischemic contracture). After about 1 hour of complete ischemia, histological and biochemical evidence of cell damage becomes apparent (e.g., contraction bands, swollen mitochondria, and leakage of intracellular enzymes into the extracellular space). l0 If perfusion of the heart is restarted before or during the early part of the ischemic contracture, recovery of developed pressure is virtually complete. However, if reperfusion is started when the contracture is well established, then developed pressure fails to recover and cell damage is accelerated, leading to massive enzyme release (reperfusion damage). 6 "
Ischemia vs. Hypoxia
Ischemia is difficult to study experimentally because it is not possible to apply drugs to the heart or to change the extracellular ionic composition during ischemia. In addition, for preparations of cardiac tissue that have no blood supply, e.g., isolated cells, there is no direct experimental equivalent to ischemia. For these reasons, many studies have maintained perfusion of the tissue but removed all or most of the O 2 (anoxia or hypoxia) or used agents that inhibit oxidative phosphorylation, e.g., cyanide (CN). However, ischemia involves both inadequate supply of substrates, notably oxygen and glucose, and inadequate removal of products of metabolism, notably lactate, H + and K + .
In an attempt to mimic ischemia more closely, hypoxia has frequently been combined with procedures that inhibit anaerobic glycolysis. Under these conditions, all the main mechanical features of ischemia can be observed. Thus, in anoxia, when glycolysis can continue, the developed pressure of a heart falls to about one-third of normal but can then continue at this level for at least 30 minutes. 1213 However, in anoxia, after glycolysis has been prevented, the developed pressure declines rapidly and completely, a response similar to that observed in ischemia. 8 It has also been shown that an hypoxic contracture 14 and a reoxygenation paradox 6 " can be elicited in perfused preparations subjected to hypoxia with glycolysis prevented and have properties comparable to the equivalent phenomena in ischemia. The similarity between mechanical responses in ischemia and in hypoxia with glycolytic inhibition suggests that it is the prevention of adenosine triphosphate (ATP) production and/or its metabolic consequences that lead to the mechanical features of ischemia; accumulation of the products of metabolism no doubt modifies the mechanical response but does not seem to be essential for their occurrence. Thus, throughout this review, while the aim is to explain the cellular changes during ischemia and their consequences for myocardial contraction, there will be extensive use of observations made in perfused tissues but with oxidative phosphorylation and anaerobic glycolysis blocked.
Metabolic Consequences of Ischemia and Hypoxia

Changes in Phosphorus-Containing Metabolites
Both ischemia and hypoxia reduce the oxygen supply to the myocardial cells and reduce the rate of ATP production by oxidative phosphorylation. If there were no other compensatory mechanisms, the concentration of ATP would fall at a rate that is the difference between the rate of production and consumption of ATP. In fact, however, [ATP] These changes can be understood with the help of the model shown in Figure 1 , which is a development of that described by Carlson and Wilkie. 18 This model shows Pi hydrolysed (mM)
FIGURE I. Model of concentrations of PCr, ATP, ADP, AMP, and Pi in the presence of creatine kinase and myokinase as ATP is hydrotyzed. The thermodynamic affinity (free energy change) of ATP hydrolysis is also shown. The following reactions were assumed to occur: ATP -* ADP + Pi (1) PCr + ADP ^ ATP + Cr (2) 2ADP ±^ ATP + AMP (3) Starting concentrations were [ATP] = 7 mM, [PCr] = 25 mM, [ADP] = [AMP] = [Cr] = [Pi] = 0. This model is described by the following equations that were solved for various values of [Pi]. Total adenine = 7 mM = [ATP] + [ADP] + [AMP] (4) Total creatine = 25 mM = [PCr] + [Cr] (5) Total phosphate = 46 mM = [PCr] + [Pi] + 3[ATP] + 2[ADP] + [AMP] (6) [ATP][Cr]
= 200 [ADP] [PCr] [ADP] 2 (7)
= 1 [ATP][AMP]
(8) Equilibrium constants for the reaction catalyzed by creatine kinase (7) and myokinase (8) were taken from Lawson and Veech. how the concentrations of ATP, PCr, Pi, adenosine diphosphate (ADP), and adenosine monophosphate (AMP) will change as ATP is hydrolyzed, assuming that creatine kinase and myokinase are present in sufficient concentrations to maintain the reactions catalyzed by them at equilibrium. 1920 Under normal aerobic working conditions, P-metabolites should be similar to those near the left of the diagram as indicated by the arrow, i.e., [ Although this model is helpful in understanding the P-metabolite changes when ATP consumption exceeds production, other processes occur in ischemia and anoxia that complicate the situation. The effect of these will be to change both the end point at which the ATP consumption and production are again equal and the Pmetabolite concentrations present at this new steady state. These processes include the following: 1) Anaerobic glycolysis is accelerated twentyfold within the first minute of ischemia or hypoxia 1516 and at this rate 0.1-0.2 mM/sec of ATP will be produced. During ischemia this high rate of glycolysis is not sustained and decreases despite the presence of glycogen stores. 28 The mechanism of this reduction is not established although both intracellular acidosis and lactate accumulation are thought to play important roles. 29 During hypoxia, glycolysis continues at a high rate. If glucose is removed from the perfusate, glycolysis will continue until the available glycogen is consumed. 30 2) Tension falls rapidly during ischemia and hypoxia so that the major component of ATP consumption may fall. 3) AMP is further degraded to inosine monophosphate (IMP) and adenosine, which are eventually lost from the cellular pool. These processes take place over 30-60 minutes (for review see Jennings and Steenbergen 7 ). 4) Changes in pH (see later section) will modify the equilibrium constant for creatine kinase and myokinase and lead to small changes in the equilibrium P-metabolite concentrations.
However, there are studies that do not seem to support this model, even allowing for the complications described above. For instance, Doorey and Barry, 31 in studies of cultured embryonic chick ventricular cells, have shown that changes in [ATP] occur very rapidly (10-20 seconds) after application of CN and precede changes in [PCr] . However, in this preparation the ratio of PCr/ATP under control conditions was only 0.7 compared with 2-3 in most studies on intact adult hearts. The reason for this unusually poor initial metabolic status is not clear but examination of Figure 1 shows that for such starting conditions a rapid early decline in ATP, which is more or less proportional to the decline in PCr, is the expected result on the basis of this model.
Compartmentation
Mammalian hearts contain approximately 10 9 muscle cells. Inevitably, the metabolic status of these cells will vary due to local variations in work load, blood supply, etc. For instance, differences in metabolic levels between endocardial and epicardial layers of the left ventricle are well recognized. 32 Similarly, in many isolated heart preparations the left side of the heart will experience a greater work load than the right either because the left ventricle is stretched by a balloon or because, in the working heart, it is contracting against a load and performing external work. These regional variations represent one kind of compartmentation of metabolite levels in the heart. Within the cardiac cell there are also well-defined compartments surrounded by internal membranes, notably the sarcoplasmic reticulum and the inner mitochondrial matrix. These compartments are known to have different ionic and metabolic concentrations from the myoplasm. 33 ' 34 This is one reason why both biochemical and NMR measurements of metabolites that represent spatially averaged results from whole hearts need careful interpretation.
In recent years, there has been much interest in a third kind of compartmentation, which arises because ATP is synthesized mainly in the mitochondria but utilized mainly in the myofibrils. In cardiac muscles, the myofibrils are 1-2 /urn in diameter and are surrounded by columns of mitochondria. Concentration gradients must therefore exist across the myofibrils. The magnitude of this kind of "myoplasmic compartmentation" can be calculated in the steady state using the diffusion equation 35 that describes diffusion into a cylinder with consumption uniformly distributed across it. Assuming an external [ATP] of 7 mM, ATP consumption of 1 mM/sec in a beating heart, 2 ATP It should be stressed that there is no direct evidence for any substantial myoplasmic compartmentation and the theoretical considerations above suggest that it should be small. Nevertheless, myoplasmic compartmentation has been invoked to explain a number of puzzling phenomena. For instance, as discussed on pages 159-162, acute hypoxic failure has been attributed to myofibrillar compartmentation though subsequently other explanations have emerged. (For further discussion of phenomena attributed to myoplasmic compartmentation, see discussion in Meyer et al. 37 ) Further progress in this area will occur only if direct evidence can be obtained demonstrating the presence and magnitude of this type of compartmentation.
[ATP] vs. A ATP
There is general agreement in the literature that some consequence of ATP depletion plays a crucial role in the development of the effects of ischemia on cell function. ATP has at least two roles in any energetic process which it fuels. In the first place, ATP must bind to a site on the enzyme for which it is the substrate. Even when there is more than one site with different affinities, this role can be quantified by the apparent K^ i.e., the concentration of ATP that leads to half maximum saturation of the process under consideration. In the second place, the hydrolysis of ATP can drive a reaction in the forward direction only if the free energy change of hydrolysis of ATP is greater than the free energy required for the process under consideration. The free energy change of ATP hydrolysis is a differential quantity whose magnitude depends on the advancement of the hydrolysis reaction. Its nomenclature in the literature is confused. It is commonly designated AG ATP , although recently dG/de has been used to indicate its differential nature; however, both of these are negative quantities for ATP hydrolysis and can be misleading. We have therefore chosen an alternative form known as (thermodynamic) affinity or A ATP , which has the advantage of being a positive quantity for spontaneous reactions such as ATP hydrolysis. 38 The relation between these quantities is Table 1 lists values of K^ taken from the literature for various ATP-dependent processes in the myocardial cell. Table 2 shows calculations of the work per ATP consumed in the operation of various ion pumps in the myocardial cell. It is worth noting that the K^ for all the pumps and for rigor tension development are less than 0.2 mM and much lower than the normal level of 6-8 mM. An important point that emerges from Figure 1 and Tables  1 and 2 is that operation of the various ion pumps is likely to be affected by the reduction of A ATP before [ATP] falls below the K m of any of the pumps. The real situation may be more complex than this analysis suggests if ADP competes with ATP for the binding site, since under these circumstances the apparent K,,, of ATP for its binding site will decline during metabolic depletion.
Ionic Consequences of Ischemia and Hypoxia
In this section we consider the ions Ca 2+ , Na + , H + , and K + : each has a major role in cellular function and the regulation of contraction. Furthermore, these ions are known to change their intracellular concentration during anoxia or ischemia and these changes are thought to be involved in the functional consequences of anoxia or ischemia. Ca 2+ , Na + , and H + exist in the myoplasm at concentrations below electrochemical equilibrium so that active (energy consuming) processes are required to extrude them from the cell. Thus, on first principles, one would expect the intracellular concentrations of these ions to increase towards electrochemical equilibrium as the pathways for ATP production are blocked. Intracellular [K + ] is higher than electrochemical equilibrium so that it tends to leak passively from the cell, and active processes are required to pump it back to the myoplasm.
Intracellular Calcium
Calcium is highly compartmentalized within the cardiac cell, and it remains difficult to obtain reliable estimates of its concentration in the various cellular compartments. Measurements of total cell calcium are technically easier and were the earliest measurements to be made in ischemia. Total cell calcium does not change dramatically during the first hour of ischemia. 4445 Similarly, measurements of isotopic calcium fluxes during hypoxia have shown only very small changes over the first 30 minutes though by 60 minutes a small increase in influx becomes apparent. 46 Although these global measurements of calcium show little change, it has long been suspected that distribution of calcium between compartments is altered. Thus, understanding the role of calcium in ischemia requires knowledge of the concentration of calcium in the various cellular compartments, particularly the myoplasm in which the free calcium concentration ([Ca 2+ ],) controls contraction and influences many other cellular processes. In the rest of this section, we review briefly what is known about the distribution and control of calcium in the various cellular compartments. Details of measurements of [Ca 2+ ], during various phases of hypoxia will be considered in later sections.
Total cell calcium is in the range of 1-3 mmol/kg wet weight while the [Ca 2+ ], during diastole is only 0.1-0.2 fiM. The main cellular compartments in which calcium is stored are 1) in the myoplasm, 2) in the sarcoplasmic reticulum, 3) in the mitochondria, and 4) bound to membrane phospholipids and to proteins in the myoplasm.
THE MYOPLASM. The resting [Ca 2+ ], is maintained at its low level by a variety of "pumps" that remove calcium either to the extracellular space or to one of the internal stores. In the steady state, calcium pumped to the extracellular space must balance the inward calcium leak across the surface membrane. Calcium is pumped to the extracellular space by one of two parallel systems: 1) the Na-Ca exchanger, which uses the energy of the Na + gradient to extrude calcium, 4748 and 2) the surface membrane calcium pump, which uses ATP directly. 41 The Na-Ca exchange is thought to have a relatively high capacity but low affinity while the calcium pump has a low capacity but high affinity. 49 Since [Na + ], is likely to rise during ischemia 4450 a decrease in calcium efflux by the Na-Ca exchange would be expected; however the properties of the Na-Ca exchanger are not yet clear so that the contribution of the Na-Ca exchanger to calcium efflux during ischemia remains uncertain (see pages 163-165).
THE SARCOPLASMIC RETICULUM. The sudden increase in [Ca 2+ ], that initiates contraction (the calcium transient) is thought to be caused principally by the relase of calcium stored in the sarcoplasmic reticulum, 5152 although the fraction of the activator calcium coming from this source probably varies between species. 53 The amount of calcium in the sarcoplasmic reticulum will depend on [Ca 2+ ], and on the Ca-pump in the sarcoplasmic reticulum, whose properties are relatively well defined. 54 However, if the free energy of hydrolysis of ATP decreases below a critical level (see Table 2 ), the ability of the sarcoplasmic reticulum to take up calcium may be compromised. In this case, the calcium transient would be expected to decrease and diastolic [Ca 2+ ], would be expected to increase, unless another mechanism, such as the Na-Ca exchanger or the mitochondria, can continue to remove calcium from the myoplasm.
THE MITOCHONDRIA. Mitochondria constitute about one-third of the myocardial cell volume and have a very large capacity for calcium (possibly as high as 4-10 mmol/1 cell volume 49 ). The inner mitochondrial membrane has a Na-Ca exchange mechanism, a Na-H exchange mechanism, and a calcium uniporter. The mitochondria have the potential, therefore, to play a substantial role in the calcium metabolism of the cell. It has been suggested that an increase of myoplasmic [H + ], such as occurs during hypoxia and ischemia, may release calcium from the mitochondria. 55 However, it now appears that the mitochondria contain little calcium under normal conditions, 49 so that even if it was all released it would have a relatively small effect on [Ca 2+ ]j. Nevertheless, under conditions of prolonged ischemia, the mitochondria may become loaded with calcium. 56 This has led to speculation that calcium loading of the mitochondria and the resulting uncoupling of oxidative phosphorylation might be a factor in ischemic cell damage. However, loss of respiratory control over oxidative phosphorylation can occur in the absence of calcium loading of mitochondria, 37 so that metabolic consequences of anoxia do not appear to be a direct consequence of mitochondrial calcium loading (for further discussion, see Williams 58 ). for binding sites. 39 Such competition will move the concentration-effect curve for calcium on troponin to the right, so that a given concentration of Ca 2+ will have less effect, e.g., less tension will be developed for a given calcium release, but more calcium will remain free in the myoplasm.
The role of membrane-bound calcium in excitationcontraction coupling remains controversial. 60 - 61 Calcium from this source may be released by the action potential and contribute to contraction; alternatively, these sites may simply act as passive buffers.
Intracellular Sodium
The free myoplasmic concentration of Na + ([Na + ]i) is close to 10 mM while the total cellular sodium is 20-30 mmol/kg cells (see discussion in Ellis 62 ). Efflux of sodium depends principally on the Na pump, which ejects 3 Na + in exchange for 2 K + for the hydrolysis of one ATP molecule. Current knowledge about the Na pump in cardiac muscle is summarized by Eisner. 63 Influx of sodium into the cell can occur by various routes: 1) voltage-dependent channels, such as the fast Na channel, and 2) exchangers, such as the Na-H exchange and Na-Ca exchange. These exchangers are potentially reversible, the direction of operation depending on the gradients for each ion, the stoichiometry, and the membrane potential. 48 Under normal resting conditions, Na + will enter the cell under the influence of the electrochemical gradient for Na + and either H + or Ca 2+ will be ejected from the myoplasm, but under other conditions, e.g., Na pump inhibition (see Dietmer & Ellis 64 ), the Na-Ca exchange may reverse and allow Ca 2+ entry in exchange for Na + efflux. Table 2 ). Inspection of Figure 1 suggests that the latter may occur first, though changes in intracellular K and membrane potential during ischemia complicate the issue. Total sodium has been shown to rise both during prolonged (60 Further studies of the changes in [Na + ], in ischemia and hypoxia are needed and are of particular importance for assessing the contribution that Na-Ca exchange makes to calcium regulation.
Intracellular pH
For an extracellular pH of 7.4, the intracellular pH (pH,) at electrochemical equilibrium would be about 6.1. Many studies have shown that pH, is about 7.0, so some active pump must be ejecting protons. Several mechanisms seem to contribute to pH regulation, including a Na-H exchange that is mainly active in the presence of an acid load 73 -74 and a HCO 3 "/C1" exchange that is mainly active under alkaline conditions. 75 When interventions lead to changes in pH,, the various pump mechanisms lead to recoveries of pH, with time courses of 10-20 minutes. It follows that over periods of a few minutes, such as the time course of acute ischemic failure, the effects of the pump are small and the changes in pH, reflect net production/ consumption of H + in the presence of intracellular buffers. A number of metabolic reactions involve H + ; these include: so that provided the net change in the above metabolites is known it is possible to calculate the expected changes in pH, and compare them with the measured changes. During ischemia or hypoxia, PCr breakdown is rapid; complete breakdown from the normal level of 20 mM would be expected to give a maximum alkalosis of 0.11 pH units (20 x 0.4/70). Allen et al 13 have observed a transient alkalosis of 0.1 pH unit in the first 1-2 minutes after hypoxia. When anaerobic glycolysis can occur, the initial alkalosis is rapidly overwhelmed by a much larger acidosis associated with lactate production. For instance, if all glycogen stores (20-50 mM glucose units, depending on species 79 ) were converted to lactate, it would lead to an acidosis of 0.6-1.4 pH units. In ischemia, when lactate cannot leave the heart, intracellular acidosis of 1.0 unit has been observed. 80 In hypoxia when perfusion continues, the acidosis is much smaller because lactate leaves the cardiac cells at a moderate rate. In addition, as expected, if glycolysis is prevented, acidosis is abolished. 13 Over longer periods, such as occur in ischemic contractures, the situation is much more complex since the mitochondria and surface membrane H pumps will be involved and changes in [Na + ], and membrane potential may affect both passive fluxes of H + and the H pumps. In ischemia, the acidosis associated with lactate accumulation will dominate the measured pH, 77 ; with continuing perfusion during hypoxia the effects of ionic and membrane potential changes on the H + fluxes and pumps may well dominate the regulation of pH,, but this situation has not yet been investigated or analyzed.
Intracellular and Extracellular Potassium
The onset of ischemia or hypoxia leads to an increase in potassium efflux from myocardial cells so that intracellular [K + ] tends to fall and extracellular [K + ] tends to rise (for review, see Kleber 81 ). Recent work suggests that the mechanism of this increased efflux is linked to the additional metabolic anions associated with anaerobic metabolism. 82 In ischemia, potassium cannot leave the extracellular space, and its concentration rises over about 10 minutes to 10-15 mM 83 ; in hypoxia, potassium is carried away by the perfusate so that extracellular concentration changes will be small and transient. Increased [K + ] o leads to depolarization that has a crucial role in slowing conduction and the production of arrhythmias.
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Possible Mechanisms Underlying
Acute Ischemic Failure A striking feature of acute ischemic failure is its rapidity. A substantial decline in developed tension is apparent after one minute of ischemia, and the decline is generally complete within 5-10 minutes. 85 In this section, the mechanisms that may underlie this rapid decline of tension are considered. The consensus of a wide range of studies (for reviews, see Kubler and Spieckermann' 6 and Gibbs 2 ) is that [ATP]; falls by only a small amount during this period. This fact has led some groups to speculate that there may be compartmentation of ATP within the myoplasm, with [ATP] falling to much lower levels in some critical region of the cell, 826 but an alternative conclusion is that the decline in tension is not directly related to [ATP],. In this context, it is worth noting from Figure 1 Part of the very rapid phase of the decline of developed pressure in ischemia probably has a mechanical origin. This phase of decline is synchronous with the fall in perfusion pressure and is usually attributed to reduced stiffness and stretch associated with the fall of perfusion pressure in the vascular system. 86 This component will of course be absent from preparations that are made hypoxic while perfusion continues.
Current understanding of the control of tension production in cardiac muscle 51 suggests that it can be conveniently considered under three headings: the action potential, the amount of calcium delivered into the myoplasm, and the properties of the myofibrils.
The Action Potential
Not only is the action potential the trigger for contraction, but its amplitude and duration exert some control over the magnitude of contraction. In particular, many workers (for review, see Morad and Goldman 87 ) have shown that developed tension is a function of the duration and amplitude of the action potential (or of a voltage clamp pulse of comparable magnitude). Changes in action potential duration and amplitude have long been known to occur in ischemia and hypoxia (for review, see Carmeliet 3 ) and in this section, we consider the contribution such changes make to the sudden fall of developed tension in ischemia or hypoxia.
Action potentials have been measured in ischemic tissue. 8889 The changes observed are variable between different studies (see discussion in Downar et aP) and include a slowing of the rate of rise of the action potential and of conduction velocity, and a reduction in the duration and amplitude of the action potential. When these changes are pronounced, as in the study of Downar et al, they lead to a failure of conduction within 10-15 minutes. Detailed studies of the mechanisms that underlie the above changes in the action potential have generally used perfused, isolated preparations so that the various components of ischemia can be separated.
The extracellular potassium accumulation of ischemia has been noted above and leads to depolarization of the membrane potential and a small shortening of the action potential (see Carmeliet 3 for discussion of the mechanism involved). However, such changes in [K + ] o lead to only a small reduction in developed tension in isolated cardiac preparations, 90 so that the membrane potential changes associated with increased [K + ] o probably make only a small contribution to the rapid decline of tension in ischemia.
McDonald and MacLeod 68 studied action potentials under a variety of hypoxic conditions. In general, they found substantial decreases in action potential duration but only small depolarizations of the resting membrane potential. With 5 mM glucose present in the perfusate, the action potential duration during anoxia fell to about 40% of control over 60 minutes. However, over the 5 minutes in which the rapid fall of tension occurred, the reduction in action potential duration was less than 5% and seems unlikely to have had a major effect on ten-sion production. Thus, the rapid fall in tension that occurs during anoxia, when glycolysis is accelerated, does not seem to be attributable to changes in action potential duration.
When anoxia is produced in muscles perfused with substrate-free solutions, a much greater shortening of the action potential occurs. 68 Only recently, however, has the question been studied of whether this shortening occurs sufficiently rapidly to account for the decline of developed tension. Recent work suggests that when glycolysis has been prevented, either by glycogen depletion 91 or by 2-deoxyglucose treatment, 92 anoxia leads to a shortening of the action potential duration to < 20% control within 2-3 minutes and this was coincident with a rapid fall of tension to 0-5% of control. Such a dramatic shortening of the action potential would be expected to lead to reduced calcium release from the sarcoplasmic reticulum and could explain the reduced calcium transients reported under these conditions. 93 A number of possible mechanisms for the decline in action potential duration were discussed by Carmeliet. 3 The plateau of the action potential represents a balance between small inward and small outward currents so that a decrease in the inward current or an increase in the outward current would lead to shortening of the action potential. Early work showed that CN, dinitrophenol,** or intracellular acidosis 95 led to a reduction of the inward Ca 2+ current. Both the shortening of the action potential and the reduced inward current have now been observed in single cells and can be triggered by a fall in [ATP] , and reversed by injection of ATP into the cell. 96 However, the contribution of reduced inward Ca 2+ current to the shortening of the action potential is still uncertain. 100 The K m for the suppression of this current was found to be 0.1 mM in excised patches' 00 and 0.5 mM in perfused whole cells. 101 In summary, substantial changes in action potential duration and magnitude can occur rapidly in ischemia and hypoxia with glycolysis inhibited. While the mechanism of these changes is not yet well understood, it is likely that they contribute to early contractile failure.
Ca
2+ Delivery to Contractile Proteins
The tension developed in each contraction of the heart depends mainly on the amount of Ca 2+ delivered to the myoplasm (see pages 157-158). Changes in this Ca 2+ delivery are a major source of the variations in tension production that are so characteristic of the heart. For this reason, and because of the known reduction in the Ca 2+ current under hypoxic conditions, 94102 it has often been suggested that there might be a reduction in Ca 2+ delivery during ischemia and hypoxia and that this might contribute to the rapid decline of tension.
Unfortunately have observed the effects of anoxia, both in the presence and the absence of glycolysis, on the Ca 2+ transients of ferret ventricular muscle. With glycolysis intact, the amplitude of the Ca 2+ transient was unaffected by preventing oxidative phosphorylation, by either anoxia or cyanide, despite the fact that developed tension fell to 30% of control. This result makes it unlikely that there are major changes in the Ca 2+ delivery to the contractile proteins; it suggests instead that either the ability of the contractile proteins to produce tension or their sensitivity to calcium has been reduced.
However, when glycolysis was prevented, anoxia led to a quite different result. Under these conditions, the amplitude of the Ca 2+ transients declined rapidly with a time course that was comparable to the decline of developed tension. Thus, failure of Ca 2+ delivery to the contractile proteins is apparently one of the causes of the decline of tension. The mechanism of this failure of Ca 2+ delivery has not been conclusively determined; it is not known, for instance, whether there is Ca 2+ stored in the sarcoplasmic reticulum but the release mechanism has failed or whether sarcoplasmic reticulum Ca pump has failed and there is less calcium stored and available for release. At present, the authors think that the most likely explanation is that changes in the action potential described in the previous section lead to a failure of the calcium release mechanism. An alternative possibility is suggested by the work of Smith et al. 103 They have identified an ATP-activated Ca channel in isolated sarcoplasmic reticulum. Obviously, if this channel is involved in Ca 2+ release, it must normally be inhibited by some other mechanism except during activation. However, when [ 
The Properties of Myofibrils
Studies with skinned cardiac muscle preparations have identified a range of interventions that affect either the sensitivity of the myofibrils to calcium or the maximum Ca-activated tension (for review, see Rupp 105 ). Such changes can occur by a variety of mechanisms. 1) Covalent modification of the contractile or regulatory proteins, the best known example of which is phosphorylation of the inhibitory subunit of troponin, 106 which leads to a reduction in the affinity of troponin for calcium. The actomyosin ATPase activity of myofibrils extracted from ischemic hearts has similar Ca sensitivity to that of myofibrils from normal hearts, 107 making this mechanism unlikely. 2) Competition between another cation and calcium for the troponin binding site, which should lead to a parallel shift in the pCa-tension response curves, i.e., a change in apparent sensitivity to Ca 2+ with no change in the maximum Ca-activated tension. It is now established that at least part of the inhibitory effects of acidosis on tension production is caused by this mechanism. 59 3) Ions or metabolites may affect one of the other contractile proteins, leading to changes in apparent sensitivity or maximum Ca-activated tension. The effects of ATP and Pi on the contractile proteins are probably of this variety.
In this account, we will mention only those interventions that seem to be of importance in ischemia.
PH. In 1969, Katz and Hecht 106 suggested that an intracellular acidosis was responsible for the decrease of tension observed during ischemia. This was an attractive hypothesis since myocardial anoxia was known to lead to accelerated glycolysis and increased lactic acid production" and hence, presumably, to a decrease of pH,. It had been known since 1880 that acid solutions led to a decrease in the amount of tension, developed by the heart, 109 and recent studies 110 show that much of this effect can be explained by the effects of intracellular acidosis on the myofibrils. Qualitatively, therefore, it appeared possible that a decrease in pHj was responsible for the decreased tension observed during ischemia. This hypothesis received further support when nuclear magnetic resonance (NMR) studies showed that pH, did indeed decrease when intact, working heart muscle was made ischemic or hypoxic. 80 However, it was also necessary to show that the decrease of pH: was both large enough and fast enough to account for the decrease of tension. In an attempt to answer this point, several groups have used 3I P NMR to monitor pH, in isolated hearts during hypoxia and ischemia. Jacobus et al 1 " showed that pH, and tension both decreased monophasically during ischemia. However, the decrease in mechanical performance during ischemia was greater than could be accounted for by the acidosis. Studies of hypoxia have also shown that the contribution of acidosis to the decline of tension is small. Allen et al 13 showed that when glycolysis was present, hypoxia led initially to an alkalosis (see pages 158-159 for discussion) followed after several minutes by an acidosis. Since developed pressure fell more or less monotonically, the contribution of pH changes to the tension change was clearly small. Furthermore, when glycolysis was prevented, hypoxia led to a rapid fall in developed tension but without any acidosis. In conclusion, there is a decrease of pH, during ischemia and hypoxia that undoubtedly makes some contribution to the observed decrease in tension. However, it seems unlikely that it is the major cause of tension decline, the development of acidosis being too small and too slow to explain the decline of tension.
PHOSPHATE COMPOUNDS. Reducing [ATP] (in reality, MgATP 2~) has a variety of effects on the tension development of skinned cardiac muscle. 42 Maximum Ca-activated tension increases slightly (at least down to 0.3 mM) and Ca sensitivity also increases. Note that these effects will result in increased developed tension when [ATP] falls from its normal myoplasmic level to submillimolar levels. The rigor-promoting effects of low [ATP] will be considered in the next section.
PCr and ADP have very small direct effects on tension development in skinned fibers." 2 Inorganic phosphate (Pi) has, however, recently been shown to have major effects on skinned cardiac fibers, and it seems likely that the substantial increases in [Pi] that occur in ischemia and hypoxia exert a major depressant effect on tension development. Herzig and Ruegg" 3 showed that Pi exerted a pronounced inhibitory effect on maximum Ca-activated tension. Kentish" 2 has shown that, in addition, Pi leads to a reduction in Ca sensitivity. Both effects are large. For instance, if the normal [Pi] is 1-3 mM and it increases to 20 mM during ischemia or hypoxia, maximum Ca-activated tension will be reduced to about 50% control. The effect on Ca sensitivity leads to a further reduction, so that developed tension would be about 20% of the original control. Not only is this effect large, it is also rapid in onset. Figure 1 and many experimental results have shown that [Pi] starts to rise as soon as ATP consumption exceeds ATP production and well before there is a significant change in [ATP] .
Although Pi depresses tension production, it does not seem to reduce ATPase activity of the myofibrils. " 4 Thus, it may be misleading to assume that ATP consumption by the heart during ischemia or anoxia is reduced in proportion to the decline in tension production.
Summary
The factors responsible for the rapid fall of developed tension in ischemia and hypoxia fall into three categories.
METABOLIC FACTORS. These are probably the most important contributors to early ischemic and hypoxic failure. The earliest effect arises from the inhibitory effects of Pi on the contractile proteins. Subsequently, the acidosis, particularly in ischemia in which retention of lactate causes a very large fall in pH, leads to a further reduction in tension.
MECHANICAL FACTORS. The fall in perfusion pressure during ischemia leads to reduced muscle stretch and tension development with a time course similar to the fall in perfusion pressure.
ACTIVATION FACTORS. Rapid shortening of the action potential duration and reduced calcium release have both been observed in hypoxia with glycolysis inhibited and probably contribute to the rapid decline of tension under these conditions. A similar mechanism may operate in ischemia.
Possible Mechanisms Underlying
Ischemic Contracture The contracture that develops in ischemia or in hypoxia with glycolysis prevented has been attributed to two mechanisms.
Evidence for this possibility was the small rise in total calcium measured over this period. 43 Skinned fiber experiments at normal [ATP] suggest that [Ca 2+ ], would need to rise to 5-10 (xM to explain the observed developed tension. , would have to fall to 0.1 mM or below before rigor development became significant. Although discussed as if they were independent, there is evidence that the two conditions may interact with each other. Thus, Bremel and Weber" 3 showed that under conditions that led to rigor attachment, the binding constant of troponin for calcium was increased, so that only a small rise in [Ca 2+ ], from the normal resting level might lead to considerable Cadependent tension production. Fabiato ], on metabolic inhibition. In fact, the investigators used dinitrophenol (DNP), a proton ionophore, that eliminates the proton gradient in mitochondria. This agent prevents ATP production by the mitochondria, which may then actually consume ATP, so that the decline in [ATP]j may be larger than when oxidative phosphorylation is prevented by CN or anoxia. Dinitrophenol will also allow any calcium stored in the mitochondria to be released. In "fresh" preparations, stored for less than 3 hours, application of DNP led to a slow rise in [Ca 2+ ]; that reached 10 /AM in 20-30 minutes. Older preparations showed much faster rises, reaching 10 /u,M in 2-4 minutes. It is not clear from these experiments whether the increases in [Ca 2+ ]j are due to the decline in [ATP]; and consequent inhibition of Ca pumps or to the release of calcium stored in mitochondria. In either case, the result is probably not what would be expected in ischemia or anoxia.
Snowdowne et al" 7 also showed a very rapid rise in [Ca 2+ ], on metabolic inhibition. These workers first isolated cells by a collagenase method and then loaded them with aequorin, using an osmotic shock technique. Large numbers of such cells were then exposed to either hypoxia in the absence of external glucose or to FCCP, another proton ionophore. Either treatment produced rapid and reversible increases in [Ca 2+ ] : . There are two reasons to doubt whether this rapid rise in [Ca 2+ ]i is representative of healthy cells under these conditions. First, the metabolic status of these cells is unknown but is likely to be poor since collagenase isolation is known to lead to loss of P-metabolites. 34 The subsequent osmotic lysis of cells seems likely to lead to further deterioration. Second, about 30% of the loaded cells were already rounded up and these cells, which are already damaged, may have contributed disproportionately to the recorded increases in [ [ATP], There are a number of experimental observations that suggest that ischemic and hypoxic contractures are due to the attachment of rigor crossbridges, precipitated by the low [ATP],. Thus, interventions that lead to greater tension production and therefore increased ATP consumption lead to enhanced rigor production. The stiffness of muscle in ischemic or hypoxic contracture increases considerably above that associated with a normal contraction, consistent with rigor bridge attachment. 120 Heat measurements have shown that the heat/tension ratio is similar in a twitch and a K + contracture but smaller in hypoxic contractures.' 21 Since ATP consumption associated with crossbridge cycling is the major cause of heat production, these findings suggest that the crossbridges in hypoxic contractures are turning over at a slower rate, as expected for rigor crossbridges.
[ATP], has been measured in contractures by both biochemical and NMR methods, and the consensus is that it is at very low levels during contractures.
133O8° It is difficult, however, to prove quantitatively that [ATP], has fallen to the level shown in skinned fiber studies to cause rigor for two main reasons: 1) Present NMR and analytical methods cannot measure myoplasmic levels of ATP with confidence in the range of 0.1 mM. 2) Problems of tissue homogeneity exist in both intact preparations and in the large numbers of isolated cells that are required for such measurements. For instance, in NMR studies on whole hearts, contractures can sometimes be recorded from the left ventricle at a time when the NMR signal from the whole heart suggests a mean [ATP], of several mM. 13 This may mean that in the nonworking right ventricle, [ATP] , is close to normal while in the working left ventricle it has declined to levels capable of producing rigor.
A different explanation for the possible appearance of rigor at [ATP], higher than 0.1 mM is suggested by the work of Miller and Smith 122 on skinned cardiac muscle. They showed that in the presence of an elevated [ADP] the rigor tension at any given [ATP] was increased.
Summary
The present weight of evidence supports the idea that ischemic and hypoxic contractures are produced by low ATP, leading to rigor. Further reduction in ATP leads to a rise in [Ca 2+ ], that may precipitate other cell damage (see next section) but is not itself the initiating cause of the contracture.
Reperfusion Damage
Interruption of coronary flow to a region of the myocardium for more than about 1 hour leads to permanent damage. Return of coronary flow is essential to survival of the myocardium, but it was realized in the early 1960s that reperfusion can also accelerate the appearance of myocardial damage. 123 Early studies of this subject were reviewed by Hearse," who drew attention to the similarities between the calcium paradox and reperfusion damage. (The term calcium paradox describes the cell damage observed when extracellular Ca 2+ is returned to the perfusate after a period of Cafree perfusion.) In both situations, there is a large, rapid increase in total cell calcium, a contracture develops, and there is eventual cellular damage with release of intracellular enzymes. It is now accepted that calcium accumulation precipitates many kinds of muscle damage. The evidence for this statement and the mechanism by which increased Ca 2+ leads to cell damage have been extensively reviewed (e.g., Jennings and Steenberg, 7 Nayler et al, 9 and Poole-Wilson 6 ) and will not be repeated here. Instead, discussion will be focused on two issues -the mechanism of the Ca 2+ increase and the ionic interactions that may occur during reperfusion.
Mechanism of Calcium Influx
The mechanism of Ca 2+ accumulation in the calcium paradox is now well established. 124 What has recently become clear is that the mechanism by which Na + enters the cell during the low Ca 2+ perfusion is not primarily by the Na channel or by Na-Ca exchange, but via the Ca channels, 125 which become highly permeable to Na + when the external Ca 2+ is very low. 126 In accordance with this theory, Ca-channel blocking drugs exert a protective effect if applied during the period of Ca-free perfusion but not when external Ca 2+ is replaced. 125 Thus, it seems that the Ca 2+ influx that triggers damage after a period of Ca-free perfusion is mediated by the Na-Ca exchanger and is caused by the elevation of [Na + ],. Clearly, the same sequence of events cannot operate in reperfusion or reoxygenation damage because external Ca 2+ is present, though in ischemia the amount of extracellular Ca 2+ is limited and could conceivably limit Ca 2+ influx during prolonged ischemia. However, it has been established that Ca 2+ influx does increase dramatically on reperfusion or reoxygenation and that this influx is not simply due to a nonspecific increase in cell permeability nor does it occur via Ca channels. 46 The idea that the influx occurs via Na-Ca exchange was proposed by Grinwald. l27 Isolated hearts were subjected to ischemia and reperfusion after maneuvers designed to raise or lower [Na + ],. The increase in total Ca 2+ on reperfusion was determined to be dependent on [Na + ],. This idea was confirmed and extended by Renlund et al, 128 who showed that the degree of mechanical and metabolic recovery was inversely related to the level of [Na + ], before reperfusion but could not be accounted for by changes in the level of PCr or ATP before reperfusion.
As discussed earlier, there is evidence that [Na + ], rises during ischemia, probably because the Na pump is inhibited by low levels of ATP or reduced A ATP . However, the reason why Ca 2+ influx occurs at a rapid rate only after reperfusion or reoxygenation when elevated [Na + ], is present both before and after reperfusion remains a mystery. The influx of Ca 2+ could still occur by Na-Ca exchange if the exchange is inhibited during ischemia but reactivated on reperfusion. There are two possible mechanisms that could allow this to happen: 1) Intracellular pH is known to inhibit Na-Ca exchange. 129 Since ischemic or hypoxic muscle is acidotic and this acidosis recovers on reperfusion 128 and reoxygenation, 17 acidosis could inhibit Na-Ca exchange during ischemia and allow it to reactivate on reperfusion. However, the fact that damage also occurs on reoxygenation after a period of anoxia without glucose 6 or a period of anoxia with glycolysis inhibited" 8 implies that intracellular acidosis is not essential since there will be little acidosis when lactate production is prevented. 2) In squid axon, both Na o -dependent Ca 2+ efflux 130 and Na,-dependent Ca +2 influx 131 have been shown to be dependent on intracellular ATP, with a K^ of around 0.2 mM. If Na-Ca exchange in the heart has the same properties, Na-Ca exchange will be inhibited during ischemia by the low level of ATP and reactivated when ATP rises in reperfusion. This mechanism could also explain why total Ca "], by Na-H exchange. The important feature of this cycle is that it shows positive feedback; once threshold levels of some or all of the ions are exceeded, the cycle will tend to continue until prevented by some extraneous mechanism. Thus, once a substantial rise of [Ca 2+ ], occurs, it may continue to rise until it causes cellular damage.
Why should this potentially damaging cycle occur during reperfusion but not under normal conditions or during ischemia? Under normal conditions, an elevated [Ca 2+ ], is rapidly pumped down to the diastolic level by the sarcoplasmic reticulum Ca pump, and [Na + ], is regulated by the Na pump. In ischemia, if ATP or A ATP falls sufficiently low, both the Na pump and the SR Ca pump will fail, but as noted above, inhibition of Na-Ca exchange may prevent operation of the cycle. Lazdunski et al 74 have pointed out that high extracellular [H + ] occurs during ischemia, and the competition between extracellular H + and Na + inhibits the Na-H exchange; this will also tend to prevent operation of the cycle. After a period of ischemia, then, both [Na + ], and [H + ]; will tend to be elevated, and [Ca 2+ ], may also be elevated if the period of ischemia is long.' 18 However, inhibition of Na-Ca exchange in the above cycle prevents these levels from rising rapidly to damaging levels.
When reperfusion occurs, oxidative phosphorylation will restart and P-metabolites will show some recovery. 30128133 However, the recovery of ATP is limited. There is loss of total adenine nucleotides, which is related to the duration of ischemia, and ATP consumption is potentially at a very high rate because the Na pump, the sarcoplasmic reticulum Ca pump, and the myofibrillar ATPase are all near maximal activation. Reactivation of the Na-Ca exchange will lead to substantial Ca 2+ influx so that the sarcoplasmic reticulum will soon be saturated with calcium and no longer help to keep [ Cell damage also occurs on reoxygenation after a period of anoxia in which glycolysis is reduced or prevented.
6 " 8 Under these circumstances, the accumulation of intracellular and extracellular H + will be reduced. This implies that reactivation of the Na-H exchanger 74 and Na + entry in exchange for H + are not essential to the activation of the pathological cycle indicated above. In the absence of anaerobic glycolysis, the fall in [ATP] in anoxia is likely to be more rapid than in ischemia, and the consequences of a longer period with a very low [ ], during ischemia and reperfusion, coupled with information about metabolic levels, are needed to confirm or refute this hypothesis. Contributions to cell damage by other mechanisms, e.g., oxygen free radicals, 134 certainly cannot yet be excluded.
